Environ Earth Sci (2016) 75:1437
DOI 10.1007/s12665-016-6248-3

CrossMark

@

THEMATIC ISSUE

Properties, durability and use of glauconitic Godula sandstones:
a relatively less known building stone of the Czech Republic

and Poland

Martin Vavro® - Leona Vavro! - Petr Martinec! - Kamil Soudek!

Received: 15 November 2015/ Accepted: 31 October 2016/ Published online: 9 November 2016

© Springer-Verlag Berlin Heidelberg 2016

Abstract Greenish glauconitic sandstones from the Mid-
dle Member of the Godula Formation of the Outer
Western Carpathians flysch belt represent traditional
building stone used in the north-eastern part of the Czech
Republic and adjoining part of south Poland for about a
thousand years. Despite the longstanding history of their
utilisation in constructions and monuments, the amount of
information about properties, durability and places of use
is given in the existing literature only to a very limited
extent. The Godula sandstones under study exhibit a high
bulk density (up to 2610 kg/m?), relatively low water
absorption capacity (0.7-3.0 wt%) and total porosity
(1.7-9.4%), high values of P-wave velocity within
psammitic rocks (3120-4290 m/s), and high to very high
strength (uniaxial compressive strength 102.7-155.8 MPa,
splitting tensile strength 4.0-10.0 MPa). However, in
contrast to high quality of stone properties, the degree of
their durability especially in the case of exterior use may
often be very low, and stone deterioration can frequently
advance very rapidly. Godula sandstones are characterised
by a significant dominance of pores with diameter smaller
than 1 pum. The character of pore space represents the
principal and general reason of Godula sandstone deteri-
oration susceptibility. Deterioration rate and specific
weathering forms are subsequently strongly affected, in
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detail, by the heterogeneity of the mineralogical compo-
sition and anisotropy of rock texture within the individual
sandstone bed. The data about composition, properties
and stability of the Godula sandstones published in this
paper could help architects or designers to understand the
decay causes experienced by these types of sandstones
and how to prevent them and may also serve as a guide
for restoration and conservation works.
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Introduction

Sandstones represent the most common and, especially in
the past, the most widely used building, decorative and
sculpture stones in the Czech Republic. In view of the
extent of quarrying and the range of construction uses, the
Upper Cretaceous sandstones of the Bohemian Cretaceous
Basin were and still are critically important. These light-
coloured, quartz to arkosic sandstones are traditionally
quarried, in particular, in the Eastern Bohemia near the
towns of Hofice, Dvur Kralové-nad-Labem and Broumov
(Hanisch and Schmid 1901; Rybarik 1994; Prikryl et al.
2004).

Greenish glauconitic sandstones are also quarried, to a
lesser extent, and may have a local significance for build-
ing and architectural purposes. In the Czech Republic,
glauconitic sandstones are currently quarried at two sites,
namely in the Zamél quarry in Eastern Bohemia (Zamél
sandstone, Martinec et al. 2010) and in two quarries in the
Reka municipality (Godula sandstones) close to the Czech—
Polish border. The clay-rich Zapy sandstone largely
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applied, for instance, in the Gothic part of St. Vitus
Cathedral in Prague belongs among currently unexploited
glauconitic sandstones of the Czech Republic (Srémek
2005; Rybarik 2011). In the past, the so-called malnicky
fasak (in Czech rasa = green algae), glauconitic sandstone
from the vicinity of the Malnice municipality (about 55 km
NW from Prague) was also known and locally used in a
limited way. In general, glauconitic sandstones are rela-
tively less encountered in Europe (Banerjee et al. 2016)
and that is why the usage of these sandstones in con-
structions is not common here. Apart from the Eastern
Bohemia and the Western Carpathian regions, the green
glauconitic sandstones have been used, for example, in
West Switzerland in the Lausanne and Bernese regions
(Bléduer 1985).

Greenish glauconitic Godula sandstones of the Campa-
nian age represent a traditional building and decorative
stone, which have been widely used in the areas of Czech
Silesia, the Polish part of Teschen Silesia and the Cracow
region for about a thousand years. Despite the longstanding
history of their utilisation, the knowledge about properties,
resources, exploitation and usage for building and artistic
purposes is highly fragmentary. This paper therefore aims
to bring together an overview of recent knowledge about
composition, material properties, geological situation of
Godula sandstone deposits, quarrying history and building
and sculptural utilisation of Godula sandstones on Czech as
well as Polish territory.

One of characteristic feature of the Godula sandstones
is their susceptibility for weathering. A lot of considerable
problems with their durability especially when used in
exterior have occurred recently. In contrast to the pri-
marily high quality of physical and mechanical properties
of the Godula sandstones, stone deterioration can fre-
quently advance very rapidly. This paper contributes to
the explanation of the basic causes of this phenomenon. A
detailed analysis of green glauconitic Godula sandstones
from the Reka quarry (approximately 30 km SE from
Ostrava, Moravian-Silesian Region, Czech Republic) has
been performed, in particular with regard to their miner-
alogical composition, physical and mechanical properties,
porosity and grain size distribution. The present study
summarises the results of the first, more than 15-year
exceeding stage of the study of the Godula sandstones
covering their basic material characterisation and expla-
nation of main causes of stone deterioration. Because
these sandstones are typical gravity-flow sediments, the
further research will be focused mainly on a detailed
study of the relationship between stone durability and its
vertical position within specific rock bed. The methods of
the study for this forthcoming research stage are therefore
indicated in the discussion.

@ Springer

Exploitation and use of Godula sandstones
History of quarrying

The beginning of the exploitation and utilisation of green
glauconitic Godula sandstones in the Moravian-Silesian
Beskids Mountains in the Czech Republic and in Beskid
Slaski, Beskid Maty and Pogérze Lanckorofiskie Moun-
tains in Poland has not been precisely determined yet. With
regard to the foundation of the castellan fortification of
Teschen as a significant administrative and economic
centre of the Upper Silesia at the turn of the tenth and
eleventh centuries (Jirasek et al. 2012), the local sandstone
resources had already been discovered and quarried during
the early medieval times. The assumption of the long-term
exploitation and use of these sandstones agrees with the
findings of Rajchel (2002); Godula sandstones, together
with other Outer Carpathians sandstones of the Istebna
Formation, represent the earliest stones used in the archi-
tecture of Cracow since the pre-Romanesque times.

The huge expansion of the quarrying of the Godula
sandstones and their use as building and decorative stones
notably began at the end of the nineteenth century. For
example, Hanisch and Schmid (1901) describe, in their
inventory of quarries of the Austro-Hungarian monarchy,
11 quarries only in the relatively small area around Biata,
Straconka, Wilkowice, Brenna, Wista and Ustron in the
current Polish territory, and four quarries in the close
vicinity of the Reka village on the adjacent Czech side.
Rajchel (2002) quotes the figure of Bolewski (1954) of
about 50 large quarries working at the end of nineteenth
century in the Cracow (Malopolska) region, producing
annually about 20,000 m® of stone blocks from the Godula
and Istebna sandstones.

During the twentieth century, the number of active
quarries situated in the middle part of the Godula Forma-
tion has been gradually decreasing together with the stone
production in the territory of Czechoslovakia or the Czech
Republic, respectively (Mencik et al. 1983; Rybarik 1994,
PospiSil 2004). From a range of historical localities (Pro-
chazka 1910; Jahn 1917; Kiihnel 1958; Roth et al. 1962;
Rybarik 1994) where the Godula sandstones were exploited
in the course of the twentieth century, only two quarries in
the Reka village are continuously active. Another one
quarry in Trojanovice municipality works only
episodically.

Different situations exist in Poland where the centuries-
old tradition of the production of Godula sandstones blocks
has remained unchanged for the last hundred years (Fi-
garska-Warchot and Matlak 2012). In the 1950s and 1960s,
more than 20 quarries in the immediate surroundings of
Brenna were active. From 2000 to 2010, eight quarries (e.g.
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Glebiec, Tokarzowka, Cisowa, etc.) in this critical Polish
area of Godula sandstones production were still open
(Jonczy 2000; Lukasiak 2010, 2013; Figarska-Warchot and
Matlak 2012).

Documented uses and monuments built of Godula
sandstones

Godula sandstones have been used as building, decorative
and sculpture stones for about a thousand years. Their
application in civil engineering and architecture is limited
exclusively to the areas situated near the quarrying sites,
i.e., they represent the typical local stone of the Ostrava
region, Teschen Silesia and western and southern parts of
the modern Lesser Poland Voivodeship (Matopolska).
According to the unpublished data of Tyrowicz cited by
Rajchel (2002), the Godula sandstones are included in the
pre-Romanesque and Romanesque structures of the Wawel
castle, the Rotunda of the Virgin Mary and the first two
Romanesque cathedrals at Wawel Hill in Cracow. The
greenish Godula sandstones can also be found in the
structures of the finest Renaissance Sigismund chapel and
Vasa chapel of the Wawel cathedral (Rajchel 2008). Dur-
ing the so-called Wallachian colonisation of the Beskids
Mountains in the sixteenth to eighteenth centuries, the
Godula sandstones became a commonly used building
material also in rural architecture. However, the use of the
Godula sandstones in constructions expanded significantly
in the course of the second half of the nineteenth and the
twentieth century. During this period, they were used in
many places in Poland, e.g., Warszawa, Wréoctaw, Cracow,
Wadowice, Kalwaria Zebrzydowska, Chorzéw, Bielsko-
Biata, Skoczow, Ustron, Wista and Cieszyn (Kamienski
et al. 1968; Rajchel 2002; Buciak 2012), and in the territory
of the Czech Republic, especially in Ostrava, Karvina,
Tfinec, éesky Tésin, Petfvald and Frydek (Hanisch and
Schmid 1901; Rybarik 1994). Their use in construction
elsewhere in the Czech Republic (e.g. in Brno, Zlin, Par-
dubice and Cheb) is rarer (Bretfeld 1956; Rybarik 1994).
Since the 1990s, the Godula sandstones have been widely
used in the Moravian-Silesian Region of the Czech
Republic, mainly for reconstruction purposes (e.g. railway
stations in Ostrava, squares and pedestrian zones in Fry-
dek-Mistek and Opava). They have also been utilised for
the construction of new structures, for example, the com-
plex of the Regional Research Library and Jewish cultural
centre with a new synagogue in Liberec built in 2000.
Outside the Czech Republic or Poland, the Godula sand-
stones were used, for example, as a cladding material in the
Skoda Pavilion at Autostadt near Wolfsburg in Germany,
consisting of the sandstone from the Reka quarry (Pospisil
2004) or the coating of the facade of the theatre and library
complex in St. Quentin-en-Yvelines near Paris in France,

which was made from the sandstone from the Glebiec
quarry in Brenna (Czyzewski 1998).

Contrary to, for example, the sandstones of the Czech
Cretaceous Basin, the Godula sandstones do not represent a
typical and widely used stone for sculptural purposes due
to the physical and mechanical properties. However, it has
been recently confirmed by petrographic and chemical
analyses (Srdamek 2002) that fine-grained glauconitic
sandstone, which is very similar in mineralogical and
chemical composition and in texture to the currently mined
sandstones in the Reka quarry, was used as sculptural
material for the unique statue of Madonna of Teschen (or
Madonna from Old Market Square, according to Kwasny
(2002)). This Gothic sculpture, discovered unexpectedly in
2000, has been recognised as the oldest stone Madonna
statue made by Peter Parler’s workshop. According to the
similarity with the stone busts of the four wives of the
emperor Charles IV in the choir triforium of the St. Vitus
Cathedral in Prague, it has been assumed that its origins
date back to the mid-1370s (Kwasny 2002; Hlobil 2002).
The Gothic tombstone of Premyslaus I Noszak, Duke of
Teschen from 1358 to 1407, situated in the Dominican
church of Teschen (Cieszyn), which is probably the work
of Peter Parler’s workshop too, was made from the Godula
sandstones as well (Kwasny 2002; Srdamek 2002). In the
nineteenth century, the Godula sandstones were used, for
example, for the manufacture of the altar and pulpit of the
St. Albrechfs church in T¥inec, built in the Neo-Gothic
style from 1882 to 1885. Works of Vladislav Gajda made
in the 1960s and 1970s installed in Ostrava, Orlovd, Opava
and Zubii cities are examples of the use of the Godula
sandstones in modern Czech sculpture.

Materials and analytical methods

To prepare test specimens as well as thin sections, rock
blocks of glauconitic Godula sandstones were extracted
from the Reka quarry (Fig. 1).

Properties of the above-mentioned material were studied
using the following methods and equipment:

e Optical microscopy Petrographic analyses were per-
formed on thin sections using an optical polarising
microscope NIKON Eclipse LVDIA-N with the aid of
the NIS-Elements microscope imaging software plat-
form (Nikon Metrology NV). Planimetry of the Godula
sandstone thin sections was performed using a point
counter of Eltinor type. In total, about 1500 point
measurements were taken on each thin section.

e X-ray computed micro-tomography (X-ray CT) The
X-ray CT study of the internal texture of sandstones
was conducted using an XT H 225 ST industrial micro-
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Fig. 1 Schematic map of the
Czech Republic showing the
locations of the Reka quarry as
well as the Polish quarries in the
vicinity of Brenna

L[]
Karlovy Vary

tomographic system made by Nikon Metrology NV. It
is a fully automated apparatus with a rotating scanning
system equipped with a micro-focal X-ray source,
which generates cone-shaped beams. Micro-tomograph
is equipped with X-ray flat panel detector of area
400 x 400 mm and with number of pixels
2000 x 2000 (4 million). Studied samples were recon-
structed using the CT Pro 3D software (Nikon Metrol-
ogy NV). The visualisation and analysis software
VGStudio MAXx 2.2 (Volume Graphics GmbH, Ger-
many) was used for subsequent imaging.

e Mercury intrusion porosimetry (MIP) MIP was carried
out on cut samples with volumes of approximately
2000 mm® (10 x 10 x 20 mm) using an AutoPore
9500 porosimetry analyser (Micromeritics Instrument
Corporation, USA). This device is able to operate with
pressures which allowed for the detection of pores with
diameters between 5.5 nm and 360 um.

o  X-ray fluorescence (XRF) analysis For XRF studies, the
DELTA Premium Handheld XRF Analysers (Olympus)
was used in the field. This device provides immediate
results of quantitative chemical composition of rocks
and therefore allows prompt identification of differ-
ences in rock chemistry within the rock body.

e Determination of time-dependent water absorption
capacity and evaporation The long-term process of
saturation and evaporation of Godula sandstones was
studied according to the internal methodology of the
Institute of Geonics of the CAS, v. v. i. (Martinec et al.
2014, unpublished). Cylindrical specimens with a
diameter of 46 mm and a height of 92 mm were drilled
out of the rock blocks perpendicularly to the bedding
planes. Then, the specimens were gradually saturated
under stable laboratory conditions with distilled water
at the level of 1/3, 2/3 and 3/3 of the specimen height
until weight stabilisation occurred. At defined intervals,
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the weight of the specimens was measured and its
increment was calculated. After full saturation by
water, the mass loss due to the evaporation from the
free surface of the specimen was determined at an
ambient temperature of 25 £ 3 °C until weight
stabilisation.

e Determination of physical and mechanical properties of
rocks Material characteristics of Godula sandstones
were tested according to standard procedures repre-
sented by relevant European standards and suggested
testing methods of the International Society for Rock
Mechanics. Mechanical properties of Godula sand-
stones were determined by computer controlled
mechanical presses FPZ 100 (VEB TIW Rauenstein
Thiiringer, Germany) and ZWICK 1494.

Geology of Godula sandstone deposits
in the Czech—Polish region of the Beskids
Mountains

Geological setting

Upper Cretaceous Godula sandstones represent a dominant
lithological type of the Middle Member of the Godula
Formation, which represents one of the well-exposed parts
of the Silesian Unit of the Outer Western Carpathians
flysch belt of Central Europe. The Middle Godula Member
represents a medium- to thick-bedded sandstone succession
and is interpreted as synorogenic, deep-marine, gravity-
flow flysch (turbiditic) sediments of the Lower—Upper
Campanian age (for more detail, see Skupien and
Mohamed 2008; Simi¢ek and Babek 2015). The greenish,
glauconite-rich sandstones up to fine-grained conglomer-
ates form clearly separated beds with a thickness of up to
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several metres and are regularly alternated with the layers
of grey to brown-grey or green-grey sandy siltstones and
claystones (shales) in the thick flysch sequence. Individual
sedimentary bodies of sandstones differ from each other in
terms of mineralogical composition, colour, texture and
thickness. Typical positive graded bedding is often devel-
oped within the sandstone beds; thus, the base of the layer
is formed by very poorly sorted, coarse-grained sandstones
to conglomerates with sandy matrix. The central part of the
bed is formed by fine- to medium-grained, poorly sorted
glauconitic sandstone with a massive texture. At the top of
the body, there is a growing content of clay matter (illite
and illite—smectite). Laminated bedding at the top part of
the body is frequent, and the size of clastic grains is smaller
in relation to the middle part of the sedimentary body. The
Godula sandstones are mostly monotonous green-grey to
blue-grey, and, in the upper, fine-grained (silty) parts, even
brown-grey.

Mineralogy and petrology of the Godula sandstones

The modal mineralogical composition of sandstones from
the Middle Godula Member is relatively monotonous.
Based on the planimetric analyses made by Simi¢ek and
Babek (2015), most of the sandstone samples taken from
outcrops in the area of the Moravian-Silesian Beskids
Mountains in the Czech territory correspond to the sub-
arcose and/or feldspathic litharenite fields, according to
Folks classification diagrams (Folk 1974). Samples of
quartz arenite and/or arcose composition are less com-
mon. The average content of the major sandstone com-
ponents are ca 72% quartz, ca 23% feldspars and 5% rock
fragments (lithic clasts). A similar petrographic compo-
sition of the Godula sandstones has been determined in

the Polish area (Kamienski et al. 1967, 1968; Jonczy
2000).

Studied glauconitic sandstones from the Reka quarry are
mainly formed by stable quartz grains (ca 40-60%,
monocrystalline vs. polycrystalline grains = 3-5:1). The
quartz grains are subangular to subrounded in shape with,
usually, a low degree of sphericity (0.4-0.8). The average
grain size (Md) of quartz grains ranged from 0.18 mm to
0.39 mm. The distinct bimodal distribution of the grain
size of the quartz fragments is often visible, the rock is
medium to poorly sorted. Non-stable fragments are formed
mainly by feldspars (ca 7-15%), and less frequently by
micas flakes (ca 5%, muscovite > biotite). Feldspar grains
are angular to subrounded with Md = 0.17-0.32 mm. The
ratio between K-feldspar and plagioclase is variable; gen-
erally, the plagioclase (polysynthetically twinned oligo-
clase-andesine) occurs less often than the potassium
feldspar. Both feldspars are at different stages kaolinised
and sericitised, rarely also glauconised. Mica flakes reach
up to 0.5 mm in size, and biotite is often chloritised and
baueritised. Lithic clasts (5-20%) are represented mainly
by subangular to subrounded fine-grained quartzite with
similar grain sizes and degrees of sphericity to the quartz
grains. Other rock fragments include schists, sandstones,
cherts, volcanic rocks and limestone. In some samples, the
microfossils are relatively common.

A clay matrix (10-20%) is formed by dominant illite (cf.
Plevova et al. 2011), as well as very low content of
kaolinite and a varying content of illite—smectite mixed-
layers with a low content of smectite phase (mainly in thin
laminas at the top of the sedimentary body). Small sub-
rounded to rounded pellets of authigenic glauconite (up to
0.7 mm, 1-5% vol, see Fig. 2) occur frequently. There are
no signs of glauconite oxidation in the thin sections. Rock

Fig. 2 Godula sandstone from the Reka quarry with well-visible subrounded to rounded glauconite grains. a Stereomicroscopy. b Optical
microscopy (plane polarised light). Rock-forming mineral abbreviations: Qz quartz, Fsp feldspar, Pl plagioclase, Gt glauconite, Ms muscovite
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cement includes early diagenetic quartz, a very variable
content of authigenic calcite and dolomite (up to 5-10%
vol.), and traces of fine-grained pyrite. Fe oxyhydroxides
(“limonite™) are very finely dispersed in the intergranular
space or rarely fill the pores. Accessories in the form of
heavy minerals are mainly represented by zircon, tourma-
line and apatite.

Rock texture is psammitic, subangular and poorly sor-
ted, with long (flattened) to partly sutured grain contacts. A
fine-grained matrix fills, in particular, the pores between
touching sandy clasts. In general, these types of grain-to-
grain contacts, and the low degree of sorting and textural
maturity, determine the high compactness, low total
porosity and high strength of the Godula sandstones, which
has been already stated by Kiihnel (1958).

Geochemistry

The chemical composition of the Godula sandstones pub-
lished by several authors, presented in Table 1, reflects
their modal mineralogy. The values of SiO, are lower than
80% and are associated with the lower content of detrital
quartz to the detriment of non-stable fragments. Con-
versely, the higher values of Al,O5; (ca 5-8%) and alkali
metal oxides (Na,O and K,O) are in accordance with the
presence of feldspars and white micas (muscovite, sericite
and illite) identified by mineralogical analyses. The Na,O/
K5O ratio, which is generally lower than 1.0, simultane-
ously shows the predominance of the potassium feldspars
over the plagioclases within feldspars. The content of CaO
is varying and corresponds, in particular, to the presence of
calcite in the rock cement and/or limestone fragments. Fe
oxides are concentrated in glauconite, fine-grained pyrite
and “limonite”. The Godula sandstones can be classified as
subarkoses to litharenites, according to the geochemical
classifications of Pettijohn et al. (1972) and Herron (1988),
based on the relations between the SiO,/Al,Os ratio vs. the
Na,O/K,O0 ratio, and the Si0,/Al,05 ratio vs. the Fe,Os3/
K5O ratio, respectively. The low values of the SiO,/Al,O3
ratio (from 10.40 to 17.11) simultaneously confirm the
relatively lower degree of chemical maturity of the Godula
sandstones. The weathering potential index (WPI) calcu-
lated according to Reiche (1943) with values of 4.00 and
10.30% indicates the medium to high reactivity of the
Godula sandstones during weathering.

Physical and mechanical properties of the Godula
sandstones
Basic physical and mechanical properties of the Godula

sandstones were tested on blocks of irregular shape and
size from 0.4 to 0.7 m taken from the active Reka quarry

@ Springer

(49.6438972 N, 18.5743436 E). The results determined in
the laboratories at the Institute of Geonics of the Czech
Academy of Sciences, v. v. i., are shown in Table 2. The
table also presents their comparison with the properties of
the Godula sandstones exploited in the Glgbiec quarry
(municipality of Brenna, Poland), which were previously
published in the Polish literature (Kamienski et al. 1968;
Jonczy 2000). The great circle distance between both
quarries is approximately 25 km.

Cylindrical samples were subsequently drilled from the
blocks in the laboratory. The drilling was carried out per-
pendicular to the bedding planes. The ends of the cylin-
drical cores were finally cut perpendicularly to the length,
so that the length-to-diameter ratio (slenderness ratio) was
about 4, 2 and 0.5, respectively. The cylindrical specimens
(48 mm in diameter, 96 mm high) were used to determine
the index physical properties (specific and bulk densities,
water absorption capacity and porosity) and uniaxial
compressive strength (UCS). Tensile splitting strength,
determined by the Brazilian test, was measured on disc-like
specimens (48 mm in diameter, 24 mm thick). Flexural
strength and fracture toughness were measured on long-
cylindrical specimens (48 mm in diameter, 192 mm long).

In terms of the physical and mechanical properties given
in Table 2, the Godula sandstones can be characterised as
sandstones having a high value of bulk density, a relatively
low absorption capacity and total porosity, high abrasion
resistance in laboratory conditions, high to very high values
of strength properties and high fracture toughness. Due to
the high compactness (see Figs. 3, 4) and strength, they are
polishable in relatively good quality, as one of few types of
sandstones currently mined in the Czech Republic. Based
on the data presented in Table 2, the similarity of physical
and mechanical properties of the Godula sandstones taken
from both the Czech and Polish localities is obvious.
However, it is important to consider the scattering of
measured values of some properties, which often ranged in
wide intervals (see, e.g. values of the bulk density from ca
2270 to 2610 kg/m? in the sandstones from the Reka quarry
or the UCS ranging from ca 60 to 200 MPa in the sand-
stones from the Glgbiec quarry). This is because the
Godula sandstones are typical rhythmical flysch sediments
with frequent graded bedding. Therefore, their properties
vary not only within individual beds, but they are, first of
all, significantly affected by the position of tested samples
in a particular sandstone bed.

Generally, the strength properties of building stone are
one of the most significant factors influencing its resistance
against weathering. According to Ruedrich et al. (2011),
there is a close relationship between the pore size distri-
bution in the rock, the saturation degree, the intensity of
moisture swelling and the strength reduction. Strength
decrease in sandstone can be remarkable after only 1%
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Table 1 Overview of the geochemistry of Godula sandstones

Country

Localisation (author)

Czech Republic

Sandstones from outcrops in middle
part of the Godula Formation
(Mencik et al. 1983; Adamova 1986)

Reka quarry
(Bretfeld 1956)

Reka quarry
(Pospisil 2004)

Poland

Glebiec quarry
(Jonczy 2000)

Value Average Average Average Average*
min—max min-max*

SiO, (%) 79.87 77.11 78.70 78.12
75.90-85.20 71.71-83.46

Al,O5 (%) 7.68 5.67 4.60 6.09
5.28-9.43 5.13-7.62

TiO, (%) 0.34 n.s 0.04 n.s.
0.25-0.46

Fe,03 (%) 1.28 3.17 0.04 4.39
0.73-2.09 3.15-5.47

FeO (%) 1.79 n.s 0.93 n.s.
1.43-2.52

MnO (%) 0.02 0.03 0.04 n.s
0.01-0.03

CaO (%) 1.39 4.31 6.89 5.32
0.47-3.51 2.25-7.76

MgO (%) 0.88 0.11 0.14 0.98
0.63-1.07 0.54-1.28

K,0 (%) 2.08 1.05 1.78 1.28
1.18-2.45 1.13-1.60

Na,O (%) 1.20 4.25 0.88 0.96
1.07-1.33 0.83-1.13

S (%) 0.03 0.275°? 0.01 ns.
<0.01-0.06

CO, (%) 0.90 n.s 4.93 2.69-%
0.53-2.57 1.20-6.67-"

P,05 (%) 0.15 0.62 0.04 n.s.
0.06-0.35

Corg. (%) 0.08 n.s n.s n.s
0.07-0.15

H,0" (%) n.s. 3.04 0.04 n.s
1.28-2.03

H,0™ (%) n.s. 0.31 0.11 0.38
0.09-0.42 0.34-0.43

Si0,/Al,05 10.40 13.60 17.11 12.83

Al,03/Na,O 6.40 1.33 5.23 6.34

Fe,05/K,0 0.62 3.02 0.02 343

Na,0/K,0 0.58 4.05 0.49 0.75

log (Si0,/Al,03, 1.02 1.13 1.23 1.09

log (Fe,03/K,0) —0.21 0.48 —-1.70 0.54

log (Na,O/K,0) —0.24 0.61 —-0.31 —0.12

WPI index (%) 4.00 - 10.30 -

(Reiche 1943)

n.s., not stated; *, excluding the extreme values determined in calcareous claystone concretions (sample Nb. 10); L.I., loss-on-ignition (not only

CO, content); SOz, sulphur in the form of SO;
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Table 2 Basic physical and mechanical properties of glauconitic Godula sandstones from the Reka quarry and their comparison with selected
published data regarding the properties of Godula sandstones from the Polish Gigbiec quarry

Parameter

Average

min-max values

Reka quarry

Glebiec quarry

Kamienski et al. (1968)
Average
min-max values

Jonczy (2000)
Average
min—max values

Specific density (kg/m3) 2580 (12)
2450-2670
Bulk density (kg/m?) 2489 (72)
2274-2612
Total porosity (%) 5.4 (12)
1.7-9.4
Water absorption capacity by weight (%) 2.1 (12)
0.7-3.0
Ultrasonic P-wave velocity 3710 (89)
(dry sample) (m/s) 3120-4290
Grindability acc. to Bohm (cm) 0.32 (5)
0.24-0.58
Uniaxial compressive strength 126.2 (53)
(dry sample) (MPa) 102.7-155.8
Uniaxial compressive strength 90.5 (6)
(saturated sample) (MPa) 71.1-106.2
Uniaxial compressive strength 78.6 (7)
(sample after freezing and thawing) (MPa) 62.3-91.2
Young’s modulus (dry sample) (MPa) 19,680 (10)

18,400-27,600

Poisson’s ratio (dry sample) (-) 0.20 (5)
0.10-0.25
Fracture toughness (dry sample) (MPa/me‘S) 1.417 (8)
1.311-1.670
Flexural strength 11.9 (9)
(dry sample) (MPa) 9.7-14.0
Splitting tensile strength 5.67 (12)
(dry sample) (MPa) 4.00-10.00

26504 2650 (5)
2630-2690 2560-2710
2470¢ 2450 (5)
2440-2530 2410-2540
7.1¢ 6.2 (5)
42-85 2.2-11.1
2.8¢ 1.6 (5)
1.3-5.8 0.7-3.7
n.s. n.s.

0.41¢ n.s.
0.35-0.50

81.4¢ 134.2% (4)
58.8-129.4 57.2-203.8
69.6¢ n.s.
39.2-117.2

56.9¢ 4 n.s.
39.2-72.6

n.s. n.s.

n.s. n.s

n.s n.s

n.s. n.s

n.s. n.s

Numbers in parentheses indicate the number of analysed samples. In the case of the sandstones from the Reka quarry, all samples were drilled

perpendicular to the bedding planes

n.s. not stated

* Similar values of compressive strength were published by, for example, Kwasniewski and Takahashi (2010), Klopotowska and Lukasiak

(2011) or Kwasniewski and Rodriguez-Oitabén (2012)
® 25 cycles of freezing and thawing
¢ Number of cycles of freezing and thawing not listed

4 Number of samples not listed

water saturation as was concluded by Vésarhelyi and Van
(2006). It is well known that the natural stones show a
decrease in strength at the water-saturated state which was
already mentioned by Hirschwald (1908) and is referred to
as softening. According to, e.g., Morales Demarco et al.
(2007) or Siedel (2010), this effect can reach a strength
decrease of up to 50% in sandstones. From the Czech lit-
erature (Rybafik 1994), the decrease exceptionally up to

@ Springer

60% in the case of Hofice sandstones is known. From this
point of view, the values of strength softening of the
Godula sandstones (28% in the case of Reka quarry and
14% published by Kamienski et al. 1968 for the Gigbiec
quarry) can be described as moderate. These differences
within the Godula sandstones (28 and 14%, respectively)
can be attributed to the structural anisotropy and hetero-
geneity of gravity-flow sediments both in vertical and
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lateral direction. Morales Demarco et al. (2007) described a
positive correlation between the reduction of UCS and the
moisture expansion in sandstones. For that reason, the
detail evaluation of hygric expansion of the Godula sand-
stones will be one of the objectives of further research.

Godula sandstones stability observed in buildings

In the past, glauconite-rich sandstones from the Beskids
Mountains were used, in particular, as stone blocks for the
bases of buildings (Hanisch and Schmid 1901). Since the
second half of the twentieth century, the Godula sandstones
have been used for various interior and exterior purposes,
predominantly as cut, split, grinded or polished cladding
and paving slabs, as well as in garden architecture. They

W

J .»‘ AccV Spot Magn

©25.0kv 5.0 100x
o 7 9 »
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SE 288 )

Fig. 3 SEM image of a Godula sandstone surface processed by a
high-speed water jet. Rock-forming mineral abbreviations: Qz,
quartz; Fsp, feldspar; Ms, muscovite

Fig. 4 X-ray CT image (XY plane) and pore size analysis of the
internal texture of Godula sandstone illustrating the presence of small,
more frequently isolated, intergranular pores. Pores are highlighted in

are more rarely used as inner windows sills, steps, risers,
columns and sets.

In contrast to the high quality of the physical and
mechanical properties of the Godula sandstones, the degree
of their durability in the case of exterior use is often very
low and stone deterioration can advance very rapidly. The
historical use of these stones in civil engineering and
architecture shows that the glauconitic sandstones are
stable only if they are not in direct and long-term contact
with water and, moreover, in an environment affected by
temperature changes. This means that the good stability of
the Godula sandstones in construction can only be guar-
anteed in “dry” conditions. Only differential erosion and
surface roughening are observed, and sedimentary struc-
tures are accentuated in this case. When the rocks are
influenced by capillary water, e.g., at the base of the
building, the partial sanding of rocks is observed.

The glauconitic sandstones in buildings exposed to
outdoor conditions can be used only if the exchange
between moisture in rock pores and water vapour in the air
is not restricted. Otherwise, already, after less than
10 years of exposure to weather (in combination with road
salting), almost total surface decay of the stone can occur.
Road salting in the winter, thus, represents the second
factor affecting the rate of stone decay. The other case is
the direct chemical corrosion of sandstones due to the
oxidation of pyrite and the dissolution of carbonates in an
acidic environment. A specific feature of deterioration of
the Godula sandstones is the exfoliation of stone in thin
laminas rich in illite—smectite clay matter, pyrite and car-
bonate, and with a lower quartz content (see below).
Therefore, the central parts of the sandstone beds with
massive structures, excluding parallel bedded thin layers
with higher contents of clay matter in the upper parts of the
beds, are the most appropriate for the production of stone

white colour. a Projection of pores in one layer of voxels (12 um).
b Projection of pores in eight layers of voxels (ca 0.1 mm)

@ Springer
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Fig. 5 Illustrative examples of Godula sandstone deterioration in
buildings. a Blistering and crust formation on surface of sandstone
block in the base of building (Jifi Myron Theatre in Ostrava built in
1892-1893; photograph taken in 2016). b Demonstration of extreme
exfoliation of Godula sandstones after only ca 10 years of exposition
in exterior (pavement at the entrance to the Ostrava—Svinov railway

elements. Some typical forms of Godula sandstones dete-
rioration in constructions are given in Fig. 5.

Reasons for Godula sandstones deterioration
in exterior conditions

In order to determine the reasons for the degradation of the
Godula sandstones in exterior conditions, the pore space,
the interaction of rocks with water, the mineralogical
composition and the grain size distribution together with
their variability in the vertical motion within the sandstone
bed were studied. Potential oxidative changes in glauconite
due to rock weathering were also estimated.

@ Springer

station; photograph taken in 2016). ¢ Sandstone cladding showing
phenomena of salt efflorescence and blistering (Zamecké (Castle)
square in Frydek-Mistek; photograph taken in 2008). d Splitting and
contour scaling developed on a tile made from Godula sandstone
(approximately 60-year-old construction, Military Academy in Brno;
photograph taken in 2015)

Pore size distribution and interaction of rock
with water

Size distribution and shape parameters of rock pore space
were determined using MIP and X-ray CT. Also, the long-
term, time-dependent water saturation and evaporation
were observed to simply describe the character of rock pore
space and the process of the rock-water interaction.
According to MIP, pores with diameter smaller than
1 um significantly dominate (Fig. 6). The average pore
diameter (r) ranges from ca 50 to 85 nm and the bulk
porosity of the Godula sandstones determined by MIP
extends from 4.7 to 9.3% (18.6-38.1 mm3/g) as shown in
Table 3. While respecting the [UPAC terminology (IUPAC
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Fig. 6 Mercury intrusion
porosimetry of the Godula
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Table 3 tl\/[erlc\}[‘;g)‘g“tus‘of“ Sample Vime (€M) Ve (cm¥g) Vi (cm®g) Ve (cm™/g) r(nm)  Pyyp (vol.%)
porosimetry ( ata o % of total vol. % of total vol. % of total vol. % of total vol.
selected samples of Godula
sandstones from the Reka 10,197 A 0.0381 0.0104 0.0237 0.0040 599 93
uarr
quarty 100 273 62.3 10.4
10,197 B 0.0374 0.0099 0.0236 0.0039 525 91
100 26.6 63.0 10.4
10,197 PO 0.0324 0.0076 0.0224 0.0024 528 77
100 23.5 69.1 7.4
13,316/11  0.0186 0.0021 0.0142 0.0023 84.7 4.7
100 11.3 76.3 12.4

Vinme> volume of all pores measured by MIP (total intrusion volume); V.., volume of mesopores (diameter
2-50 nm); Viy,, volume of macropores (diameter 50-15,000 nm); V., volume of coarse pores (diameter
over 15,000 nm); r, average pore diameter; Pyyp, porosity determined by MIP

1976; Rouquerol et al. 1994), all studied sandstone samples
show a relatively high content of mesopores (11.3-27.3%
from all measured pores), in which drastic reduction in
water flux due to the interactions of the water molecules
with the pore walls occurs. Identified pore size distribution
of the Godula sandstones has a significant impact on the
rate of exchange of moisture between rock and its sur-
rounding (see below). The rock exhibited a relatively
closed pore structure with touching sand-sized particles.
Space among the sandy grains was filled with clay min-
erals, glauconite pellets, calcite and rare pyrite. The high
compactness of the Godula sandstones due to the presence
of small, frequently isolated, intergranular pores was also
observed using the X-ray CT (Figs. 4, 7). Total porosity
calculated using the X-ray CT was 1.7% (at a voxel reso-
lution of 12 um) and 2.2% (at a voxel resolution of 8 um),

respectively. Although these values were within a deter-
mined interval of the total porosity of the Godula sand-
stones (see Table 2), low degree of the X-ray CT
distinctiveness, in case of the Godula sandstones, was
proven. The pores with volumes between 0.0001 and
0.0005 mm® were the most common according to the
visualisation and interpretation of the X-ray CT scanning
results (Fig. 7).

Experiments with long-term water absorption and
evaporation provided important information about rock
behaviour during its interaction with water, which enabled
the estimation of the stone’s durability. The timing of the
processes of the three-step water saturation and subsequent
evaporation of the Godula sandstones in laboratory con-
ditions are illustrated in Fig. 8. The dynamics of water
saturation and evaporation indicate relatively slow
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Fig. 7 Pore size analysis using
X-ray CT. a 3D visualisation of
pore space in the sample of
Godula sandstone. b Pore size
distribution in the sample of
Godula sandstone made based
on an X-ray CT analysis
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moisture exchange between the rock and the surrounding
environment.

It was concluded that pore space with the domination
of aforementioned small pores of configurative and
cemented types in the matrix with the gradual saturation
of pores with water and subsequent retardation of water
evaporation from the rock surface were typical for the
Godula sandstones. This may lead to water retention in
the rock pore system with severe consequences for rock

@ Springer

Void volume size interval [mm’]

stability (c¢f. Ruedrich and Siegesmund 2007; Ruedrich
et al. 2011), especially due to freezing and thawing in
combination with road salting. Rocks with pore space
containing the vast majority of pores with size between
0.1 and 10 pm are significantly susceptible to salt
weathering (see, e.g. Ruedrich and Siegesmund 2007
Benavente 2011); therefore, it is reasonable to assume
that this form of stone damage will strongly apply also in
the case of the Godula sandstones.
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Fig. 8 Course of the process of
long-term water absorption of
cylindrical samples of Godula
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Glauconite in the Godula sandstones

Green, grey-green to blue-green colours of the Godula
sandstones are caused by glauconite content in amounts up
to 5% vol. Using *’Fe Mossbauer spectrometry, the Fe*"/
Fe’* ratio close to 1:1 in the crystal structure of glauconite
separated from the Godula sandstones was estimated
(Martinec and Maslan 2006, unpublished). In glauconite
from the Godula sandstones, there was, thus, a sufficient
quantity of Fe*" that could be transformed to Fe*™ via the
oxidation process. Therefore, it was originally assumed
that this Fe**/Fe’ " ratio in glauconite caused the instability
of this mineral under oxidative outdoor conditions, which
might be one of the reasons for the exterior deterioration of
Godula sandstones (Vavro et al. 2009). However, as was
found via microscopic study of the weathered Godula
sandstones from natural outcrops and constructions, there
were no significant signs of the glauconite limonitisation
due to degradation under normal atmospheric conditions.
Therefore, the crystallochemistry of glauconite should be,
regarding the low content of glauconite in the rock, of
lesser importance in stone decay than expected. It should
be noted that two types of glauconite occurred in the
Godula sandstones. The first was represented by sand-sized
glauconite pellets and was much more resistant against
weathering. The second was glauconised micas or, rarely,
feldspars, which degraded faster, and their grass green
colour changed to yellow-green due to weathering.

Variability of mineralogical composition and grain
size distribution in the vertical motion
within the rock bed

Structural features of rock represent other risk factors that
influence weathering. Godula sandstones are deep-marine

40 60 80 100
Saturation [%]

turbiditic sediments that often present positive graded
bedding and associated anisotropy of mineralogical com-
position and probably also physical and mechanical prop-
erties. Therefore, it could be reasonable assumed that the
scope, intensity and forms of stone deterioration depend on
the position of the stone block within the sandstone layer,
as well.

To describe the mineralogical heterogeneity of Godula
sandstone beds, the samples from the base, central area and
top of the selected sandstone layer, as well as from the
laminated aleuropelites in the hanging wall of the layer,
were taken (Fig. 9). Thin sections from all samples were
prepared. The results of the optical microscopic analysis
are presented in Table 4. As is evident from this table, the
grain size of quartz and feldspars as the main rock com-
ponents decreased towards the top of the bed. For the base,
the bimodal grain size distribution was typical. Contrarily,
the content of clay minerals, micas and pyrite generally
increased towards the top of the bed. Described variability
in mineralogical composition in vertical profile through the
sandstone bed was confirmed by in situ X-ray fluorescence
(XRF) analysis using DELTA Premium Handheld XRF
Analysers (Olympus). The results are shown in Table 5.

Problematic parts were, thus, represented by thin lami-
nas rich in clay matter with dominant illite and/or illite/
smectite mixed-layers in upper parts of mined sedimentary
bodies. Therefore, it would be highly desirable to select
appropriate raw stone blocks in the quarry with regard to
the specific application of the stones in a building. How-
ever, in practical terms, selective mining does not appear to
be possible due to a further increase in the already high
quantity of mining waste represented by fine-grained
aleuropelite intercalated sandstone beds.

The process of stone weathering can also be encouraged
by the presence of authigenic carbonates (calcite, dolomite

@ Springer
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Fig. 9 Documentation of sampling points for the initial study of
mineralogical and textural variability of Godula sandstone depending
on the position within the bed and microscopic character of rocks

Table 4 Vertical variability of
mineralogical composition and
rock texture within the selected
sandstone bed

@ Springer

from individual positions (cross-polarised light). Photograph of the
quarry face taken in 2015. Compare with Tables 4 and 5

Sample A B C D E

Quartz grains—Md/M,,,x (mm) 0.30/1.34 0.39/1.42 0.26/1.13 0.18/0.60 0.08/0.22
Feldspars grains—Md/M ,,x (mm) 0.24/0.87 0.32/1.56 0.31/1.20 0.20/0.55 0.08/0.24
Bimodal grain size distribution Very high Very high High Not Not
Glauconite pellets + + ++ ++ 4+
Glauconised micas ++ +++ ++ + ++
Sparry calcite (sparite) in pores +++ ++ + + +
Calcitic bioclasts ++ +++ + — _

Micas (muscovite > biotite) + + + +++ +4+
Pyrite - - _ + 4+

Fe oxyhydroxide (limonite) - - - - +/++

About 100-150 measurements of grain size were taken on each thin section

Md, average grain size; M,,,x, maximum grain size; +++, very common; ++-, abundant; 4+, rare; —, not

represented
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Table 5 Vertical variability of the content of selected chemical elements in different parts of sandstone bed determined by in situ XRF analysis

Sample Position in bed Si (wt%) Ca (wt%) Fe (wt%)
A Base 30.38 + 0.15 3.3221 £ 0.0218 2.5264 £ 0.0175
D Top 26.68 + 0.18 0.4926 + 0.0144 3.5792 + 0.0265

and eventually siderite) in the rock cement and by the
presence of very fine-grained framboidal pyrite localised
especially in the upper and more lutitic parts of sedimen-
tary bodies. According to observations of Kiihnel (1958)
carried out on natural outcrops of the Godula sandstones,
the dissolution of carbonates, which occurred as the first
step of weathering, led to an increase in sandstones
porosity. This facilitated the penetration of solutions rich in
oxidation pyrite products (“limonite”).

The study of Godula sandstones deterioration phenom-
ena in relation to the specific position of the rock sample in
the sandstone bed is an entirely new approach of research
which is currently under preparation.

Conclusions

Glauconitic Godula sandstones represent a traditional local
building stone of the north-eastern part of the Czech
Republic and adjacent territory of south Poland with a
long-lasting history of their construction use. In view of a
relatively very little information about these sandstones,
particularly those that are quarried on the area of the Czech
Republic, this paper gives an original comprehensive
overview on their mineralogical and geochemical compo-
sition, geology of deposits, physical, mechanical and
durability properties, as well as history of quarrying and
use.

Due to their unusual colour, texture and ability to be
polished, the Godula sandstones from the Czech Reka
quarry are currently used as an interesting material for the
interior and exterior of buildings. However, it has been
shown via the example of the Godula sandstones that the
high quality of material properties does not necessarily
indicate substantial stone resistance against weathering.
The Godula sandstones have a closed pore space, over-
whelmingly formed by pores with a diameter between 0.01
and 1 pm, which results in gradual and relatively slow
water absorption and evaporation. Therefore, there is a
high probability of water storage in the pore system, which
may lead, especially due to periodic freezing and thawing
in combination with road salting, to rapid and large-scale
stone deterioration. The long-term stability of the Godula
sandstones is guaranteed in the case of interior use or when
a well-made waterproofing system is present, e.g., at the

base of a building. The character of the pore space is, thus,
the main reason for stone deterioration in an environment
affected by temperature and moisture changes.

Another factors which will most likely affect, in par-
ticular, the rate and forms of Godula sandstones deterio-
ration are the heterogeneity of the mineralogical
composition and anisotropy of turbiditic sediment texture
within the sandstone bed. One can assume that these
sandstones may be highly representative of decay patterns
and mechanisms that other building stones of similar origin
suffer and therefore be used as a good example in the
pursuit of understanding them. For this reason, a detail
laboratory study on durability and deterioration of samples
taken from different parts of sandstone layer (base, central
part, top) is currently being prepared. The mineralogical
and chemical composition and pore space characteristics
using MIP in relation to the sample position in vertical
cross section of the sandstone layer will be studied more
deeply. Strength softening, measurements of hygric
expansion, salt crystallisation tests and freeze/thaw testing
will be used for detailed characterisation of sandstone
sensitivity to weathering.
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